Abstract-Beam dynamics issues were assessed for a new linear induction electron accelerator being designed for multipulse flash radiography of large explosively driven hydrodynamic experiments. Special attention was paid to equilibrium beam transport, possible emittance growth, and beam stability. Especially problematic would be high-frequency beam instabilities that could blur individual radiographic source spots, lowfrequency beam motion that could cause pulse-to-pulse spot displacement, and emittance growth that could enlarge the source spots. Beam physics issues were examined through theoretical analysis and computer simulations, including particle-in-cell codes. Beam instabilities investigated included beam breakup, image displacement, diocotron, parametric envelope, ion hose, and the resistive wall instability. Beam corkscrew motion and emittance growth from beam mismatch were also studied. It was concluded that a beam with radiographic quality equivalent to the present accelerators at Los Alamos National Laboratory will result if the same engineering standards and construction details are upheld.
I. INTRODUCTION

F
LASH RADIOGRAPHY of explosively driven hydrodynamic experiments is a time proven diagnostic in use worldwide [1] , [2] . At Los Alamos National Laboratory, two electron linear induction accelerators (LIAs) at the Dual-Axis Radiography for Hydrodynamic Test (DARHT) facility have provided bremsstrahlung radiation pulses for this diagnostic for more than a decade.
The axis of the DARHT-I accelerator is orthogonal to that of DARHT-II in order to produce two views of the experiment. DARHT-I is a single-pulse LIA utilizing ferrite cores in 64 induction cells, each applying 250 kV of accelerating potential to the 1.75-kA electron beam. The injector is a 3.8-MV pulsed-power driven diode that produces a 60-ns beam pulse from a cold cathode. DARHT-I routinely produces submillimeter full-width at half-maximum (FWHM) radiography source spots. More detailed information about DARHT-I can be found in [1] and [2] .
The Advanced Radiography Induction Accelerator (ARIA) is a novel LIA recently conceived for multipulse flash radiography of large experiments [3] . ARIA was proposed to meet the following flash radiography requirements:
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Digital Object Identifier 10.1109/TPS.2015.2496499 1) two or more pulses on a common axis to enable accurate velocity measurements; 2) pulse spacing variable from 200 to 3000 ns to accommodate different experiments; 3) each bremsstrahlung radiation pulse less than 50-ns FWHM to minimize motion blur; 4) end-point energy of 12-MeV to ensure that there is enough useful dose in the energy range of maximum penetrability of the object; 5) spot size less than 0.7-mm FWHM for adequate resolution of details. The key enabling technology for a reliable multipulse LIA is the accelerating cell. For ARIA, the cell design is based on the proven DARHT-I cell, but with the ferrite cores replaced with Metglas to provide enough flux swing (volt-seconds) for four-pulse operation. With this design, one need only reset the cores before each four-pulse burst.
The cells are designed to operate at 250 kV with a 2-kA beam load. The accelerating gap, cavity shape, and cavity wall materials of the cell are identical to the DARHT-I cell in order to have the same RF properties (see Fig. 1 ). Each cell incorporates a solenoid and steering dipoles as on DARHT-I.
Except for cell dimensions, the physical layout of the accelerator is the same as DARHT-I, with cells grouped in blocks of four, and pumping stations between blocks of eight. There are external Helmholtz coils located to provide magnetic guide field in the gaps between blocks of eight. Between 36 and 44 cells are required to reach the 12-MeV maximum energy, if the injected energy is in the range of designs being considered (1.5-3.0 MeV).
The high-quality DARHT-I electron beam produces bremsstrahlung radiation source spots exceeding all anticipated requirements for hydrodynamic testing. However, there are enough differences between ARIA and DARHT-I that an assessment of beam dynamic issues in ARIA is called for. These issues include beam transport, motion, stability, and emittance. Effective management of these issues has consequences for accelerator engineering choices. An initial investigation of these issues based on a preliminary design for ARIA is the purpose of this paper.
To assess the beam dynamics issues on ARIA, we relied on analytic theory, simulation codes, and experimental data from the DARHT LIAs.
II. BEAM TRANSPORT
The electron beam is transported through the ARIA LIA using solenoidal magnetic focusing fields. This is an efficient and convenient means that has been used in all electron LIAs since the very first. Each accelerating cell has a solenoid incorporated into it as well as dipole windings for steering. The magnetic field produced by these magnets is called the tune of the accelerator. This section reports the results of beam simulations of tunes for ARIA. The greatest number of accelerator cells (44) are required by the lowest injector energy (1.5 MeV), and that is the configuration reported here, since it is the most susceptible to beam instability. The initial 2-kA 1.5-MeV beam produced by the injector was assumed to have a normalized emittance of 300 π · mm · mrad and an envelope radius of 5 cm at an anode focusing solenoid located 97 cm upstream of the first cell solenoid.
We use the XTR envelope code [4] to design tunes for DARHT. XTR incorporates a thin Einzel lens model for accelerating gaps and corrections for space-charge depression of beam energy and for beam diamagnetism. This code was also used to develop tunes for the ARIA accelerator design. A tune for the 44-cell ARIA that is comparable with the nominal DARHT-I tune is shown in Fig. 2 . For this tune, the betatron wavelength is everywhere greater than three times the cell length. This is also true for the DARHT-I accelerator tunes.
Emittance growth can result from envelope oscillations caused by a mismatch of the beam to the magnetic transport system. Beam emittance growth in the ARIA LIA was assessed using a particle-in-cell (PIC) code based on the Large Scale Plasma (LSP) code [5] , [6] . This code propagates a thin slice of beam through the accelerator. The initial particle distribution of the slice is extracted from a full x, y, z LSP simulation of a rigid rotor with rotation consistent with zero canonical angular momentum in the solenoidal field at the launch position. (Random transverse velocity consistent with the specified emittance is added to the rotation.)
The on-axis magnetic field (B z ) for the PIC simulations was extracted from the XTR simulations, and the on-axis electric accelerating field (E z ) was obtained from an electrostatic simulation of the gaps. The off-axis field components were calculated in LSP up to sixth order using a power series expansion based on Maxwell's equations.
Using the XTR initial conditions for the PIC simulations, the ARIA tune produced no emittance growth (Fig. 3) , even though the PIC results showed mild envelope oscillations not evident in the XTR envelope calculations. However, these oscillations are insufficient to cause emittance growth.
To test the robustness of the tune to mismatched beam initial conditions, the PIC code was run using the same initial conditions, but into a higher magnetic focusing field. Fig. 4 shows the results of PIC simulations with the magnetic field increased by 5%. The envelope oscillations induced by this mismatch are sufficient to cause 30%-50% growth of the beam emittance. The detailed mechanism of this contribution to emittance growth is parametric amplification of electron orbits that resonate with the envelope oscillation, expelling those electrons from the beam core into a halo [6] - [8] . The development of halo is clearly seen in snapshots of the beam from the ARIA PIC simulations, just as in earlier simulations of DARHT-II [6] .
III. BEAM STABILITY
A. Beam Breakup
The most dangerous instability for electron linacs is the beam breakup (BBU) instability [9] , [10] . For radiography LIAs, it is particularly troublesome, because even if it is not strong enough to destroy the beam, the high-frequency BBU motion can blur the source spot, which is time integrated over the pulselength. In a fast rise time LIA such as DARHT-I or ARIA, BBU excited by the sharp beam head grows to a peak and then decays [9] (unlike on the slowly rising beam of DARHT-II, where BBU grows from noise and corkscrew throughout the pulse [10] ). For a large enough number of accelerating cells, theory predicts that the BBU growth asymptotes to
where subscript zero denotes initial conditions and γ is the relativistic mass factor. The maximum growth exponent in this equation is
where I kA is the beam current in kiloamperes, N g is the number of gaps, Z ⊥ /m is the transverse impedance in ohms per meter, B kG is the guide field in kilogausses, and indicates averaging over z [10] . This theoretical maximum amplitude of the BBU in high-current LIAs has been experimentally confirmed [12] , [13] and used to design DARHT-II tunes that suppress BBU amplification to acceptable levels [14] , [15] . For ARIA, we will use the exact gap and cavity geometry as DARHT-I to make the transverse impedance the same, thereby ensuring that BBU can be suppressed as well as it is in DARHT-I. The transverse impedance is proportional to the quality factor Q of the cell, which is fundamentally the electromagnetic energy stored divided by the energy dissipated by Ohmic heating of the walls. Therefore, if the geometry and wall materials of the ARIA cells are exactly the same as those of the DARHT-1cells, one can also expect the transverse impedance to be exactly the same. Thus, for the same beam current, one can compare the relative stability of different geometries and tunes by simply comparing N g 1/B .
Using the asymptotic scaling formula (2) to compare the BBU characteristics of DARHT-I with ARIA tuned as in Fig. 1 , it is found that ARIA would be more stable using either a high-or low-energy injector and the required number of cells to achieve 12 MeV (Table I) .
B. Corkscrew Motion
Strictly speaking, corkscrew motion [16] (or beam sweep [14] ) is not an instability. Rather, it is the result of temporal variation of the beam energy interacting with transverse magnetic fields in the LIA. The beam deflection by these fields is roughly inversely proportional to beam energy, so time varying beam energy causes time varying deflections that manifest themselves as corkscrew or sweep at the accelerator exit. High-frequency corkscrew during the pulse flattop is particularly worrisome, because it can seed the BBU.
The amplitude of the corkscrew is approximately [17] A
where A 2 = δx 2 t + δy 2 t , the brackets indicate averaging over time, and δx = x − x t , δy = y − y t . Also, N is the number of magnets, δ is the rms misalignment, and φ total is the total phase advance (φ total = k β dz, where the betatron wavenumber is k β = 2π B z /μ 0 I A , and I A = 17βγ k A is the so-called Alfven limiting current). The cell misalignment includes both tilt and offset, with the tilt contribution approximately the solenoid length times the rms tilt angle, which is added in quadrature to the rms offset. Measured misalignments on DARHT-II were 0.3-mr rms tilt and 0.1-mm rms offset of the 38-cm long solenoids, giving δ < 0.2 mm. The pulse flattop energy variation on DARHT-I is δγ /γ < 0.1%. We use the same values of δ and δγ /γ for ARIA, since we will apply DARHT-like engineering standards. Thus, one needs to compare only N 1/2 φ total for the different LIAs to evaluate the resilience to corkscrew of various tunes. Such a comparison of corkscrew parameters is shown in Table II .
Even though the 44-cell ARIA tune appears to be slightly worse than the DARHT-I tune, the corkscrew amplitude would be less than 1 mm. Furthermore, significant reduction of corkscrew can be achieved by application of corrector dipole fields [18] , as was done on DARHT-II [8] .
Operationally, the most straightforward means for reducing the BBU is to increase the magnetic guide field. However, this also increases the corkscrew. On the other hand, it is clear from (1) to (3) that corkscrew only grows linearly with magnetic field, whereas BBU is suppressed exponentially. This is illustrated in Fig. 5 , where it is seen that BBU is reduced by more than a factor of 5 with only a 50% increase in corkscrew. Moreover, a modest 20% increase in the field would reduce BBU by a factor of ∼2.5 and minimize the motion by equalizing the contribution from BBU and corkscrew. Thus, increasing the magnetic field to suppress BBU is an effective strategy to be employed on ARIA during commissioning.
C. Image Displacement Instability
The image displacement instability (IDI) is also the result of a slightly offset beam interacting with a cavity [19] - [21] . The BBU is the result of specific cavity resonances interacting with the beam, but the IDI has no frequency dependence, because it is the result of the difference of magnetic and electric field boundary conditions. Therefore, it can disrupt the beam even at the lowest frequencies. Moreover, unlike the BBU, the IDI has a definite stability threshold. That is, the beam is unstable in a guide field less than B min (γ , I b ), which is a function of beam energy, current, and accelerator geometry. Thus, it is most dangerous at the entrance to the accelerator, where the magnetic field is low (Fig. 2) .
A beam slightly offset from the center of a beam pipe is attracted to the wall by the image of its space charge and repelled from the wall by the image of its current. These forces balance to within 1/γ 2 , with the net force being attractive toward the wall. This is normally counterbalanced by the focusing field. However, in the vicinity of a gap in the wall, the induced charge on the wall collects at the gap edges and the electrical attraction is almost unchanged. That is, if the gap is short compared with the tube radius, the position of the image line charge is almost unchanged. On the other hand, the azimuthal magnetic field of the beam decays with radius in the cavity exactly as in a pipe with radius equal to the outer wall of the cavity, and the effect is as if the current image is located at a greater distance, reducing the repulsive force from the wall. Thus, each cavity presents an additional deflecting force toward the wall that must be overcome by the focusing force. Therefore, periodically spaced cavities can be modeled as a periodic modulation of the restoring force in the equation of motion for the beam centroid. This suggests parametric amplification of the displacement; indeed, after suitable coordinate transformations, the equation of motion can be written as the Mathieu equation, which is a wellknown model for such instabilities [21] . In canonical form, the Mathieu equation is
with ς = 2π z/L, and
where w is the gap width, b is the tube radius, and L is the intergap spacing. The boundaries of stable solutions are wellknown functions a n (q) and are shown in Fig. 6 . In particular, for parameters relevant to radiography ARIA, q 1 and stability is obtained for 0 ≤ a ≤ 1 − q − q 2 /8, which gives the minimum magnetic guide field for stability
Another theory approximating the disturbance as a wake field effect also finds the minimum field for stability scaling as (6) , but with a somewhat larger constant of proportionality [22] . However, both theories predict stability for the average ARIA magnetic field in the first block of cells. Table III shows the minimum field required to stabilize the IDI compared with the field in the first cell block of ARIA. 
D. Diocotron Instability
The ARIA injector diode must incorporate measures to prevent the creation of a concave beam profile, because that can be diocotron unstable in an axial magnetic field [23] - [25] . The theory of this instability is well founded and has been validated by numerous experiments with relativistic electron beams. Under some conditions, it may have been evident on the DARHT-I beam when it was tightly focused by the anode magnet. This could be a troublesome source of beam emittance if it were present on the ARIA beam and might result in an enlarged radiographic source spot.
The diocotron is an interchange type of instability caused by sheared rotational velocity in a beam with a radial density profile having an off-axis maximum, as in a hollow beam, or one with a concave inverted profile [24] . In a uniform axial magnetic field, the rotational shear is due to the E × B drift produced by beam space charge, which alters the rigid rotation of a uniform density beam due to conservation of canonical angular momentum.
The instability is characterized by the strength parameter
where ω 2 p = e 2 n e /γ m e ε 0 is the beam plasma frequency and ω c = eB/γ m e is the cyclotron frequency. Numerical studies and experiments have shown that high-current concaveprofile beams can be unstable for s < 0.1, depending on the gradient of the current profile, with sharper gradients being the most unstable. Simplifying the strength parameter yields s = γ n e m e /ε 0 B 2 , which clearly shows that a beam is more stable at high energy and less stable in a strong solenoidal field. The theoretically predicted diocotron growth rate is proportional to ω D /γ 2 , where ω D ≡ ω 2 p /2ω c = en e /2ε 0 B is the diocotron frequency. Thus, low-energy beams have the fastest growth rates, which argues for a high-energy injector.
The peak of the anode magnet field at the ARIA diode exit is B ∼ 350 G and the envelope radius is ∼5 cm. Therefore, with a 1.5-MeV 2-kA beam exiting the diode, s ∼ 1.8, and it should be stable. However, reduction in the current or increase in the anode magnet strength significantly should be approached with caution, especially if the diode produces a concave beam profile.
E. Resistive Wall Instability
The resistive wall instability can be a problem for long-pulse LIAs. However, because of its short pulselength (∼50 ns), ARIA should be unaffected. Nevertheless, it is worth going through the numbers to assess this possibility.
The instability is caused by the beam magnetic field diffusion into the beam-tube wall, whereas the induced charge remains on the surface [26] . Thus, just as for the IDI, the beam is more strongly attracted to the wall. This attraction grows in time in proportion to the characteristic magnetic penetration time, so a long-pulse beam exhibits a growing head-to-tail displacement. The instability is characterized by a length over which it shows a significant growth
With the constant shown, this length ( ) is in meters if the tube radius (b) is in centimeters, the guide field (B) is in kilogausses, the current (I ) is in kiloamperes, the pulselength (τ ) is in microseconds, and the tube resistivity (ρ) is in micro-ohm-centimeters.
For ARIA parameters with a stainless steel beam pipe, the characteristic length is = 587B kG m, and for fields greater than the minima required to defeat the IDI (>0.23 kG), the characteristic length for growth is much longer than the LIA. Therefore, the resistive wall instability should not be a problem for ARIA.
F. Ion Hose Instability
Another instability that can be dangerous for a long-pulse accelerator is the ion-hose instability [27] . This is caused by beam-electron ionization of residual background gas. The space charge of the high-energy beam ejects low-energy electrons from the ionized channel, leaving a positive channel that attracts the beam. This causes the beam to oscillate about the channel position. Likewise, the electron beam attracts the ions, causing them to oscillate about the beam position. Because of the vast differences in particle mass, the electron and ion oscillations are out of phase and the oscillation amplitudes grow.
This instability was of some concern for the long-pulse DARHT-II LIA, and a substantial effort was devoted to understanding it through theory and experiments. For an LIA with a strong guide field, such as ARIA, the theory of the ion hose instability has been developed in analogy to the BBU by treating the forces as a transverse impedance [28] . More recently a spread-mass analytic model has been developed [29] . The results of these analytic models agree with PIC code simulations [29] , including amplitude saturation described by a maximum growth exponent as it is for the BBU. From the analytic theory and PIC simulations, the maximum growth exponent for ion hose is m = 0.043I kA τ μs L m p μTorr / B kG a 2 cm (9) where the brackets denote averaging over the LIA length L. We experimentally confirmed this on DARHT Axis-II over a wide range of beam parameters in different gasses over a wide range of ion mass [12] .
Setting m ≤ 0.693 for ARIA will ensure that the vacuum is low enough to inhibit the growth of this instability to less than two e-foldings. Using the XTR envelope code to calculate 1/(Ba 2 ) gives the required background pressure; p < 1.5 μtorr. Since this is much greater than the DARHT-I background ( p < 0.1 μtorr), this instability is not expected to be a problem for ARIA, which would have a DARHT quality vacuum system.
G. Parametric Envelope Instability
As seen in Fig. 2 , the ARIA magnetic focusing field is periodically modulated. Moreover, the envelope of a slightly mismatched beam undergoes m = 0, breathing mode oscillations (see Fig. 4 ). Under some circumstances, beam transport in a spatially modulated magnetic field can cause a parametric instability of these envelope oscillations [30] , which in turn could cause halo and emittance growth [6] .
This instability can be explored by considering the envelope equation for a beam coasting through a constant magnetic field [31] , [32] 
Here, r is the radius of the equivalent uniform beam, which is related to the rms radius of the actual distribution by r = √ 2r rms . Also, K = (2/β 2 γ 2 )(I b /I A ) is the generalized perveance and ε is the beam emittance. For a given beam energy, current, and emittance, a constant envelope radius can be found by setting the right-hand side of (10) to zero describing a matched beam with constant envelope radius
Now, by solving the envelope equation for small perturbations on this matched radius, the wavenumber of these oscillations is found to be
In a uniform magnetic field, these are stable, but if the focusing field is periodically modulated, they may be parametrically amplified, especially if the field modulation is in resonance with the natural wavelength. For a focusing field that is modulated with the wavelength L (e.g., cell length or 
which has well-known parametric regions of instability (Fig. 6 ). Fortunately, (13) indicates that a > q always, and Fig. 6 shows that region to have small zones of instability. For full-energy ARIA beam parameters (12-MeV), it is unlikely that a highly modulated magnetic tune would cause instability. On the other hand, this issue must be carefully examined on a case-by-case basis if ARIA is ever retuned for low-dose radiography. This instability is most troublesome for low-energy beams, so it might be a problem if ARIA is operated in a mode for low-dose radiography of thin objects. In this case, only a few cells might be used to accelerate the beam, allowing it to decelerate through the rest of the inactive cells to a low enough endpoint energy for low-dose radiography. For example, Fig. 7 shows the solution to (10) for a 1.5-MeV 2-kA beam coasting through a 450-G average guide field with 30% modulation with L = 0.62 m (close to the ARIA cell spacing). With these parameters, the beam is unstable. Detailed calculations with our XTR envelope code show that weak deceleration by beam loading of inactive cavities only slightly reduces instability growth. Therefore, retuning ARIA for low-energy operation should be approached with caution.
IV. CONCLUSION
In general, if the engineering standards used on the DARHT accelerators are adhered to, there should be little difficulty with beam dynamics on ARIA. Based on these simulations and calculations, we do not expect disruptive instabilities or excessive emittance growth in that novel accelerator or indeed in any radiography accelerator based on DARHT-I. On the other hand, attention should be paid to designing a suitable injector for ARIA-one that does not produce a concave beam profile-in order to prevent diocotron instabilities. Furthermore, the guide-field solenoids should be capable of producing a field in excess of 1-kG in order to suppress the BBU.
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